Abstract The kinetics of glass transition in selenide glasses As 10.2 Se 89.8 and As 9 Se 90 Bi in early stage of physical ageing process has been investigated by parallel differential scanning calorimetry (DSC) and exoelectron emission (EEE). It has been found that the glass transition process occurring in investigated glasses is evidenced by peaks on EEE intensity and DSC curves. Admixture of bismuth causes a distinct lowering of the temperature of glass transitions process both in the surface layer and in the volume. The addition of Bi causes a decrease in the value of the activation energy for glass transition process in both the volume and in the surface layer, thus reducing the thermal stability of investigated glasses. Physical ageing in Se-rich chalcogenide glasses leads to a significant increase of endothermic peak area A, temperature of glass transition T g and decrease of the activation energy value E. All these effects are strongly dependent on glass composition.
Introduction
Vitreous chalcogenide semiconductors are known for long time as materials for potential applications, e.g. in optoelectronics [1] [2] [3] . These promising applications of chalcogenide glasses are, however, limited by the instability of their atomic structure resulting from the production process, in which the liquid phase is quenched to the ambient temperature [3] . Consequently, they change their physical properties tending to thermodynamic equilibrium at proper combination of temperature and time. This process, known as natural physical ageing [4] [5] [6] , leads to the achievement of the metastable state characteristic of the supercooled liquid [1] .
It was shown recently for As-Se and Ge-Se binary chalcogenide glasses that the distinguishing physical ageing process occurs in Se-rich samples [4, 5] . Physical ageing effect in chalcogenide glasses consists of two components called short-term and long-term physical ageing, respectively [4, 9] . However, the actual mechanisms and explanation of them are still lacking. Moreover, distinction between the above-mentioned components is rather arbitrary [10] . Physical ageing effect can usually be studied by differential scanning calorimetry (DSC) method [4] . Temperature dependencies of the DSC signal show an endothermic peak as a result of the structural relaxation processes at the softening point [7, 8] .
The thermal stability of amorphous materials may be characterized by the activation energies and temperatures of the glass transition and crystallization processes. One of the factors limiting potential applications of chalcogenide glasses (amorphous materials) is the fact that the parameters determining the thermal stability and kinetics of physical ageing processes in the surface layer and in the volume may differ among themselves. About 20 years ago, we elaborated a method [11] enabling the determination of the parameters of thermal stability for both the surface layer and volume of amorphous materials by parallel measurements of the temperature dependencies of the EEE intensity and DSC signal. This method was already successfully applied for monitoring the phase transitions in chalcogenide glasses [12] [13] [14] .
It was shown recently [15] that the modification of the structure of arsenic selenide glasses by the addition of bismuth leads to the formation of coordination defects and, with increasing concentration of Bi, to the formation of nanocrystallites in the vitreous matrix. The existence of such imperfections may lead to the lowering of potential barriers for phase transitions in the investigated arsenic selenide glasses.
The purpose of the present study is to continue studies of the effect of Bi admixture on the kinetics of the structural transitions processes in the volume and in surface layer of arsenic selenide glasses. Physical ageing effect, in its early stage, has been studied by DSC and exoelectron emission (EEE) methods.
Experimental
The investigated bulk arsenic selenide glasses As 10.2 Se 89. 8 and As 9 Se 90 Bi were prepared in the Moscow Institute of General and Inorganic Chemistry of the Russian Academy of Sciences by melting of the appropriate mixture of high purity (99,999 %) elements. Standard rejuvenation procedure (tempering at about 50 K above T g , followed by cooling to the room temperature at a rate of 5 K min -1 ) [4, 10] was used to obtain glassy state close to the initial the as-prepared one. After rejuvenation process, the samples were stored in the dark at normal conditions. Storage time was equal to 1 h, 1 day (1 d), 1 week (1 w) and 1 month (1 m).
Measurements of the temperature dependencies of photostimulated EEE intensity were carried out by means of the arrangement described in [16] . An open point counter with saturated ethanol quenching vapour was used for detecting the exoelectrons. The sample temperature, controlled using a Ni-CrNi thermocouple with an accuracy of about ±3 K, was changed at four constant heating rates (2, 5, 10 and 20 K min -1 ). The sample surface was irradiated during the measurements by unfiltered radiation from a quartz lamp using a Q-400 burner.
The calorimetric investigations of the volume glass transition were performed at five heating rates (0.5, 1, 2, 5 and 10 K min -1 ) using the NETZSCH DSC 404/3/F differential scanning calorimeter with E-type thermocouple. The DSC apparatus has been pre-calibrated using pure metals (In, Sn, Zn and Al) and a sapphire disc. Empty crucible made of high density Al 2 O 3 was used as the reference. The glass transition temperature T g was determined from the DSC traces in cross-point of tangents at the beginning of the transformation (so-called ''onset'' T g value) using Proteus Ò software [20] . The same software was used for the determination of the area A of endothermic peak corresponding to the glass transition. The accuracy of the T g determination was about ±0.5 K and the relative error of the peak area determination was better than 5 %.
All the EEE and DSC measurements were performed in air atmosphere under ambient pressure.
Results and discussion
Temperature dependencies of the DSC signal and of the EEE intensity from As 10.2 Se 89.8 and As 9 Se 90 Bi (1 m samples) are shown in Fig. 1 . For all types of the investigated chalcogenide glasses, the registered temperature dependencies of DSC signal and the EEE intensity are very similar and typical of the Se-rich glasses [13, 14, 17] . All of them display single peaks corresponding to the glass transition in the surface layer (EEE) or in the volume (DSC) of samples. Admixture of bismuth causes a distinct lowering of the glass transition temperature both in the surface layer and in the volume. A comparison of the areas A under the endothermic peak (Table 1) indicates that for the (1 m)-type sample with Bi the area A is lower than that for sample without Bi. The area A is directly proportional to the enthalpy loss caused by physical ageing [4, 5] .
The measurements of the temperature dependencies of the EEE intensity performed at four heating rates ranging from 2 to 20 K min -1 , together with the registration of . Parameter-As content temperature dependencies of the DSC signal performed at five heating rates ranging from 0.5 to 10 K min -1 enabled to study the kinetics of the glass transition in investigated chalcogenide glasses. These measurements were used to determine the activation energies for both the volume and the surface glass transition process. Exemplary temperature dependencies of the DSC signal and photostimulated EEE intensity for As 9 Se 90 Bi (1 m) chalcogenide glass, registered at different heating rates, are shown in Fig. 2 . The temperatures of the peaks observed on the EEE and DSC curves (Fig. 2) systematically shift towards higher values with increasing the heating rate. This confirms that the process responsible for the occurrence of these peaks (glass transition) is a thermally activated process.
The activation energies for the surface and volume glass transition processes observed in the EEE and DSC experiments, correspondingly, have been determined by the method proposed by Ozawa [18] by the well-known Ozawa relation:
where, V is the heating rate, A is the constant, E is the activation energy, k is the Boltzmann's constant and T g is the glass transition temperature. The glass transition temperatures, T g , have been determined from positions of the maximum on the EEE curves [16] and as the ''onset'' T g value on the DSC [19, 20] curves, and the so-called Ozawa's plots ln V = f(1/T g ) were constructed. Ozawa's plots for As 9 Se 90 Bi (1 m)-type samples are shown on Fig. 3 . The slope of the Ozawa's plot multiplied by the Boltzmann's constant gives the value of activation energy. The value of activation energy for the surface glass transition is distinctly smaller than that for volume. In the case of the As 10.2 Se 89.8 glass, the activation energy for volume glass transition amounts 1.89 eV and that for the surface only 0.76 eV. The accuracy of the determination of the activation energy for both the volume and surface glass transition was better than ±0.1 eV. Similar effect was observed for metallic and others chalcogenide glasses [11] [12] [13] [14] . The same procedure, on the basis of DSC measurements, was applied for determining the activation energies of volume glass transition for all types of samples. Figure 4 shows typical DSC traces illustrating natural physical ageing by the example of As 9 Se 90 Bi chalcogenide glass. All traces were measured in the first heating run at the same heating rate of 2 K min -1 . It can be seen that physical ageing under normal conditions (in the dark) markedly increased the area of endothermic peak and the glass transition temperature. The area A under the endothermic maximum on the DSC traces is directly proportional to the enthalpy loss caused by physical ageing process [20] . With increasing storage time, the area under endothermic peak increases, which means that the glass is closer to the thermodynamic equilibrium state of the supercooled liquid [20] . Effect of storage time on the kinetics of enthalpy loss (represented by the area A under endothermic peak), temperature T g and activation energy E of glass transition process in As 9 Se 90 Bi chalcogenide glass is shown in Fig. 5 . Increase of the storage time leads to considerable increase of enthalpy loss [21] and temperature of glass transition and to a decrease in the value of activation energy of this process. Short-term physical ageing is connected with the alignment of chalcogen polymeric chains of three or more chalcogen atoms followed by a shrinkage of the surrounding network [9, 20] . The process mentioned above can be activated at room temperature. Short-term physical ageing process was observed in Se-rich As x Se 100-x (x \ 25) chalcogenide glasses in which the glass structure contains elements with three or more Se atoms in the chain. This explanation agrees well with the 'chains crossing' model validated for Se-rich As-Se glasses.
The experimentally determined values of parameters characterizing the physical ageing process in chalcogenide glasses are collected in Table 1 .
The data presented in the present work indicate that 1. admixture of bismuth causes a distinct lowering of the temperature of glass transitions process both in the surface layer and in the volume, 2. the addition of Bi causes a decrease in the value of the activation energy for glass transition process in both the volume and in the surface layer, thus reduces the thermal stability of investigated glasses, 3. physical ageing in Se-rich chalcogenide glasses leads to significant increase of endothermic peak area A, temperature T g of the volume glass transition and decrease of activation energy E values. These effects are strongly dependent on glass composition, 4. the effects observed in the present study are probably connected with elementary relaxation processes within Se n (n C 3) chains leading to the shrinkage of underconstrained network.
Further studies are in progress. 
